Objective Chest X-rays and plasma B-type natriuretic peptide (BNP) levels are useful for diagnosing congestive heart failure. However, the relationship between plasma BNP levels and pulmonary congestion on chest X-rays often seems inconsistent. Extracardiac factors can directly alter plasma BNP levels, independent of cardiac function. In the present study, we examined the clinical factors that impact the diagnosis of heart failure by using chest X-rays and plasma BNP levels.
Introduction
The plasma B-type or brain natriuretic peptide (BNP) levels are elevated in subjects with heart failure (1, 2). Although the clinical significance of plasma BNP measurement has been widely accepted, the relationship between the plasma BNP levels and pulmonary congestion findings on chest X-rays often seems to be inconsistent. It seems that the threshold of BNP levels for the severity of pulmonary congestion on chest X-rays is altered by extracardiac factors but the impact of these factors on BNP levels have not been investigated in detail or explained theoretically.
We postulated that, although cardiac dysfunction exerts the most important effect on BNP production, extracardiac factors may also directly alter the plasma BNP levels, inde-pendent of heart function, and change the relationship between the plasma BNP levels and pulmonary congestion on chest X-rays. The existence of such factors could explain the discrepancies between the actual severity of heart failure on chest X-ray and the plasma BNP levels. If a particular extracardiac factor directly elevates the plasma BNP levels, the amount of BNP circulating in the bloodstream would increase. Because natriuretic peptides are involved in physiological activities, they also probably mitigate the progression of heart failure (3, 4) . This would result in an apparent imbalance between comparatively high plasma BNP levels and relatively mild heart failure. Conversely, if an extracardiac factor directly lowers the plasma BNP levels, the decreased plasma BNP levels would not achieve enough benefits of the physiological activities of BNP, and the heart failure would worsen. Accordingly, the resultant low plasma BNP level would be associated with relatively severe heart failure.
The above hypothesis was based on the previous findings of studies on BNP transgenic mice (5, 6) . The liver of these transgenic mice overexpresses BNP and consequently plasma levels are always high, irrespective of heart function, and the progression of heart failure can be suppressed.
The present study was undertaken to investigate the clinical characteristics of patients to identify potential extracardiac factors affecting the relationship between the plasma BNP levels and pulmonary congestion on chest X-rays.
Materials and Methods

Patient population
This study comprised 459 consecutive patients who were admitted to the cardiovascular unit of The Jikei University Hospital for any reason between April 2008 and October 31 2009. Within 12 hours after admission, chest X-rays were taken and the plasma BNP levels were measured. The study protocol (21-014 [5592] ) was approved by the ethics committee of The Jikei University School of Medicine.
Measurement of plasma BNP levels
Whole blood (5 mL) was collected in tubes containing potassium EDTA (1 mg/mL blood). The plasma BNP level was determined within 12 hours after admission by an enzyme-linked immunosorbent assay (non-extracted) using an antibody against human BNP (Shionogi Co. Ltd., Tokyo, Japan).
Grading of pulmonary congestion on chest X-rays
At least three cardiologists graded the severity of pulmonary congestion based on the X-rays according to the Massachusetts General Hospital (MGH) criteria into 4 groups: 0, normal; 1, redistribution of pulmonary flow; 2, pleural effusion and/or interstitial pulmonary edema; 3, alveolar edema (7, 8) . We excluded the criterion of the cardiothoracic ratio included in MGH Grade 2 criteria, because the conditions of the X-rays were not unified in the present study; chest X-rays of most patients were taken in the upright position, but some were taken in the supine position. The grade was therefore mainly based on the severity of pulmonary congestion (Fig. 1 ).
Echocardiographic measurements
Cardiologists examined patients at admission using echocardiography. The left ventricular ejection fraction (LVEF), as well as the dimensions of the LV end-diastolic, left atrial, interventricular septum, and posterior wall were measured on M-mode images.
Definition of renal dysfunction
Patients with renal dysfunction were defined as those having an estimated glomerular filtration rate (eGFR) of <60 mL/min/1.73 m 2 at admission according to the guidelines of the Japanese Society of Nephrology (9) . We calculated the eGFR according to the Modification of Diet in Renal Disease equation (10) with coefficients modified for Japanese patients (11) . eGFR (mL/min/1.73 m 2 ) = 194 × age -0.287 × Scr -1.094 (and × 0.739 for females).
Statistical analysis
Continuous variables were expressed as the means ± standard deviation (SD) or medians. Two groups or conditions were compared using the unpaired t test or Mann-Whitney U test as necessary. More than three groups or conditions were compared using the non-repeated measures analysis of variance, Bonferroni correction, and Dunnett's test. The plasma BNP threshold for pulmonary congestion was assessed using receiver-operator characteristics (ROC) curves, and the optimal cutoff point was defined as a combination of the highest sensitivity and specificity. All tests were twotailed and p<0.05 was considered to be significant.
Results
Patient population
The baseline characteristics of the overall population in the present study are shown in Table 1 . The mean age was 65.8±13.1 years (range: 27-95 years) and 74.5% (342 patients) of the patients were male. The mean values for body mass index (BMI), the plasma BNP level, LVEF on echocardiography, and eGFR were 24±3.6 kg/m 2 , 386.5±767.6 pg/mL, 52.8±17.3%, and 60.2±25.8 mL/min/1.73 m 2 , respectively. The characteristics of each grade of pulmonary congestion are also shown in Table 1 . Grades 0, 1, 2, and 3 congestion were observed in 68% (n=314), 10% (n=50), 13% (n=62), and 7% (n=33) of patients, and the mean BNP levels for each of these grades were 88.4±142.6, 660.7± 661.0, 1,055.8±1,164.7, and 1,550.6±1,313 pg/mL, respectively ( Fig. 2A) . 
Grade 0
Grade 1
Grade 2 Grade 3
BNP threshold for pulmonary congestion on chest X-rays
The plasma BNP threshold for pulmonary congestion determined from the ROC curves generated from 459 patients was 143 pg/mL (sensitivity, 0.81 and specificity, 0.83) (Fig. 2B) . The characteristics between patients with and without pulmonary congestion and the plasma BNP levels above or below 143 pg/mL are shown in Table 2 . Among the various clinical characteristics, which were correlated with the plasma BNP levels by single regression analysis, age, eGFR, and BMI were considered to have significant influences on the plasma BNP threshold for pulmonary congestion. However, heart rate (HR), serum albumin level, and LVEF were not significantly correlated with the plasma BNP threshold. The ROC curves of comparisons for the median age (above and below 66 years), eGFR (above and below 60 mL/min/1.73 m 2 ), and median BMI (above and below 23.8) are shown in Fig. 3A -F. The plasma BNP threshold for each stage of congestion changed according to these influences.
Relationship between age, eGFR, BMI, and BNP
The plasma BNP levels in each stage of pulmonary congestion are shown in Fig. 4A -C. The plasma BNP levels were significantly higher in patients of advanced age than in younger patients. The plasma BNP levels were significantly higher in the renal dysfunction group than that in the normal renal function group. At the same time, the plasma BNP levels were significantly lower in patients with a high BMI than in those with a low BMI. The effect of BMI on the plasma BNP levels was greater for severe heart failure, than for mild heart failure.
Discussion
We initially investigated the plasma BNP threshold required to induce pulmonary congestion and then searched for factors affecting these levels between grades 0 and 1 of pulmonary congestion. The results indicated a threshold Cardiomyopathy (n/%) 31 (7) 8 (2) 7 (14) 10 (16) 6 (18) Infectious heart disease (n/%)
BMI indicates body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BT, body temperature; SpO 2 , oxygen saturation of the blood; BNP, B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; WBC, white blood cells, Hb, hemoglobin; CRP, c-reactive protein; TP, serum total protein; Alb, serum albumin; Na, serum sodium; K, serum potassium; Cl, serum chloride; LVEF, left ventricular ejection fraction; LVDd, left ventricular end-diastolic dimension; LAD, left atrial dimension; IVS, interventricular septum dimension; and PW, posterior wall dimension. Statistical comparisons between each groups were performed using the non-repeated measures analysis of variance (*, vs. Grade 0 group; †, vs. Grade 1 group; ‡, vs. Grade 2 group). Differences with a p value <0.05 were considered to be statistically significant.
value of 143 pg/mL, which suggested that patients with the plasma BNP levels equal to or above this value often have pulmonary congestion. This value is approximate, and of low significance in and of itself, as it would naturally vary We also investigated the extracardiac factors that influenced the threshold value of 143 pg/mL to identify which of the factors affected the relationship between pulmonary congestion and the plasma BNP levels. The results in Table 2 indicate that age, renal function, and BMI clearly affect the threshold. Although these three factors were previously believed to affect the plasma BNP levels to some extent (12-14), it had not been comprehensively or specifically analyzed as to how they influence the severity of heart failure.
As shown in Fig. 4 , the three factors significantly affected the relationship between pulmonary congestion and the plasma BNP levels at each grade of heart failure. Even when the grades of heart failure were comparable, the plasma BNP levels were higher for elderly and renal dysfunction patients. Conversely, the plasma BNP levels were decreased among the patients with a high BMI, and these levels were mostly comparable between grades 2 and 3 of pulmonary congestion, but tended to be lower for grade 3. That is, the plasma BNP levels were low in many obese patients despite the fact that they had severe pulmonary congestion. Others have documented slightly lower plasma BNP levels among obese patients (13, 14) , but the present study is the first time that the effect of obesity on BNP was shown to be greater for severe heart failure, than for mild heart failure.
The question arises as to how these three factors exert their effects on the relationship between pulmonary congestion and the plasma BNP levels. A schematic diagram of the likely relationship is shown in Fig. 5 . Renal dysfunction, advanced age, and a high BMI are all independent risk factors for heart failure (15, 16) . Previously published studies have shown that these three factors all directly lower heart function through complicated mechanisms. The heart secretes BNP in a compensatory manner. However, in the presence of renal dysfunction or advanced age, the plasma BNP levels can be much higher than those that would be expected based on the actual severity of heart failure. That is, renal dysfunction and advanced age are believed to directly increase the plasma BNP levels, independent of cardiac dysfunction. On the other hand, a high BMI significantly decreases the plasma BNP levels, apparently independent of cardiac function. In this manner, extracardiac factors directly affect the plasma BNP levels independent of their effect on cardiac function, but BNP in the bloodstream eventually affects the severity of heart failure due to its innate physiological activities. The extracardiac factors therefore create considerable variations in the relationship between pulmonary congestion and the plasma BNP levels, and ultimately, affect the amelioration of heart failure by BNP.
We next briefly considered the mechanisms involved in the effects of renal dysfunction, advanced age, and a high BMI on the plasma BNP levels. In general, the plasma BNP levels are regulated by the amount of BNP secreted from the heart, and the amount of clearance from the periphery. Clearance is determined by the number of clearance receptors and the neutral endopeptidase activity (17, 18) . The plasma BNP levels were elevated under renal dysfunction because the clearance of BNP at the kidney may be decreased and the amount of BNP secreted from the heart was increased in renal dysfunction due to volume overload and some inflammatory factors. Regarding aging, the plasma BNP levels may be elevated because of low grade systemic inflammation, renal dysfunction and increased cardiac stiffness, all of which would be associated with aging. Reduced levels of BNP in the obese subjects with and without heart failure have been shown in this study and also in several previous reports (13, 14) . A possible reason for the reduction in the BNP levels may be related to the increased clear- 
BMI indicates body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BT, body temperature; SpO 2 , oxygen saturation of the blood; BNP, B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; WBC, white blood cells, Hb, hemoglobin; CRP, c-reactive protein; TP, serum total protein; Alb, serum albumin; Na, serum sodium; K, serum potassium; Cl, serum chloride; LVEF, left ventricular ejection fraction; LVDd, left ventricular end-diastolic dimension; LAD, left atrial dimension; IVS, interventricular septum dimension; and PW, posterior wall dimension. Statistical comparisons between each groups were performed using the non-repeated measures analysis of variance (*, vs. BNP <143 pg/mL group among the same Grade 0 to Grade 3 groups; †, vs. Grade 0 group among the same plasma BNP level groups). Differences with a p value <0.05 were considered to be statistically significant. (19, 20) . This may be because natriuretic peptide clearance receptors are abundant on human adipocytes (19) , and the vascularity of adipose tissue may permit increased degradation of BNP by neutral endopeptidase (21). It has not been clarified whether or not obesity directly reduces the synthesis of BNP in the heart.
The results of the present study can be applied to various clinical situations. It is well known that the plasma BNP levels are increased when pulmonary congestion is severe. However, if these levels are much higher than indicated by the chest X-ray findings, hidden renal dysfunction should be suspected; even when the creatinine level is not so increased, we should never overlook the possibility of renal dysfunction in such a case. Conversely, the lower plasma BNP levels relative to the grade of pulmonary congestion in obese patients do not necessarily imply a mild degree of heart failure. Furthermore, although the differentiation of heart failure from pneumonia on chest X-rays is difficult, heart failure should not be ruled out simply based on the low plasma BNP levels. Caution must be exercised particularly for obese patients, because their plasma BNP levels can be low even in the presence of severe heart failure. Figure 6 shows an example of a clinical scenario using chest X-rays and the rapid BNP assay for the diagnosis of heart failure and other conditions (2, (12) (13) (14) 22) .
Limitations
1)
This cross-sectional study comprised consecutive patients who had been admitted to the cardiovascular unit in The Jikei University Hospital for any reason. Therefore, the threshold level of plasma BNP for pulmonary congestion evaluated in our study may be slightly different compared to other studies.
2) The conditions of the X-rays were not unified, as they were taken in the upright position or supine position. Therefore, the grading of the severity of pulmonary congestion was possibly difficult, and particularly indistinguishable between grades 2 and 3. However, the expert cardiologists consistently evaluated the severity of pulmonary congestion of all X-rays based on the fixed criteria in this study. 3) This study was done with consecutive patients with cardiovascular diseases who were admitted to our hospital. Thus, a substantial number of patients might have been suffering from so-called acute heart failure to a varying degree. The conclusion of this study may be somewhat limited in acute heart failure. 4) As far as renal dysfunction, HD may affect the present results. However, our additional study using non-HD patients showed a similar result (data not shown). Renal dysfunction, advanced age, and a high BMI all directly decrease the heart function. At the same time, the heart secretes BNP in a compensatory manner, but in the presence of renal dysfunction or advanced age, the plasma BNP levels can be much higher than would be expected based on the actual extent of heart failure. That is, renal dysfunction and advanced age may directly increase the plasma BNP levels, independent of cardiac dysfunction. In contrast, a high BMI significantly decreases the plasma BNP levels independent of cardiac function, so the plasma BNP levels can be much lower in subjects with a high BMI than would be expected based on the actual extent of heart failure. The extracardiac factors are therefore responsible for considerable variations in the relationship between pulmonary congestion and the plasma BNP levels. BMI indicates body mass index, and BNP: B-type natriuretic peptide Extracardiac Factors High BMI etc.
Grade 1
Pulmonary congestion worsened by decreased endogenous BNP Pulmonary congestion improved by increased endogenous BNP Figure 6 . A clinical scenario for using chest X-rays and the rapid BNP assay for the diagnosis of heart failure and other diseases. From the findings of chest X-rays of a patient with heart failure, we could estimate the plasma BNP value, but a decreased BNP may be explained by youth, obesity or atrial overload, and adversely, an increased BNP may be explained by renal dysfunction, advanced age or the presence of systemic inflammatory response syndrome. BNP: B-type natriuretic peptide Predict plasma BNP level by this chest X-ray. >>> About 400~600 pg/mL ??
Obtain blood sample simultaneously.
Relatively-high plasma BNP level compared to the predicted value may be explained by… -renal insufficiency -advanced age -inflammation such as infectious heart diseases, systemic inflammatory response syndrome, etc. 
Conclusion
In patients with cardiovascular disease who were admitted to our unit, the approximate plasma BNP threshold associated with pulmonary congestion that was detectable by chest X-rays was 143 pg/mL, but this value was largely influenced by both cardiac function and extracardiac factors. Renal dysfunction and advanced age increase the levels, whereas a high BMI decreases the plasma BNP level. Therefore, extracardiac factors should be considered when the relationship between the plasma BNP level and the severity of pulmonary congestion on chest X-rays seems inconsistent. Among the various extracardiac factors, the low levels of plasma BNP in patients with a high BMI should be carefully considered in order to avoid underestimating the degree of heart failure.
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